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 It is important to nondestructively detect the operating electrical equipment of a 
power grid.  Acoustic detection is one of the most effective methods of electric equipment 
malfunction detection.  A single sensor can only detect acoustic serials.  A sensor array is 
needed for imaging acoustic field and acoustic source localization.   Traditional acoustic 
measuring devices are available depending on the application.  These devices, however, 
are limited by their specific physical properties, often leading to limited bandwidth, 
susceptibility to damage under high pressure and fragility to fabrication.  Thus, it is 
difficult to integrate a high-intensity, large-scale acoustic sensor array.  In this paper, 
a sensor array based on acoustoelectric effect is proposed for noninvasively imaging 
acoustic fields.  This device can use material with excellent fabrication properties as an 
acoustic sensitivity element, so photolithography can be adopted to integrate a high-
intensity, large-scale acoustic sensor array.  A focused spherical sensor array with a large 
focal length and a small focal spot is designed for imaging acoustic fields.  The beam 
pattern calculation method is provided.  Computer simulation results indicate that a 
beam with a large focal length of 180 cm and a small ellipse focal spot of 4.52 cm2 can 
be formed using the proposed sensor array.  Computer simulation of imaging a target 
acoustic field shows that a clear map of the target acoustic field can be obtained by 
noninvasively scanning the acoustic field with the proposed sensor array.

1.	 Introduction

 An uninterruptible power supply is one important requirement for the electric power 
grid.  One main electrical equipment, i.e., a transformer that stops working suddenly 
because of malfunction may bring millions of Renminbi (RMB) loss to a power supply 
company and have a great impact on society.(1,2)  Thus, the noninvasive test of operating 
electrical equipment in a power grid is of importance.  Acoustic detection is one of the 
most effective noninvasive detection methods for electric equipment malfunction.(2–5)  
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Many electrical equipment malfunctions, such as poor contact, screw loosing, and partial 
discharge, will generate abnormal sound.(2,3)  Although conventional acoustic measuring 
devices, such as membrane, needle, and fiber optic hydrophones, have been successfully 
employed in a variety of noninvasive testing applications, each has drawbacks.  They 
exhibit low sensitivity, reduced bandwidth, high damage susceptibility, and fragility to 
fabrication.(6–8)  Thus, it is difficult to integrate a high-intensity, large-scale acoustic sensor 
array.  Besides, previous hydrophones that relied on exclusively piezoelectric materials 
embedded between two semiconductors to measure acoustic wave had poor sensitivity and 
could only detect the acoustic power without phase information.(9–12)  Recently, a prototype 
acoustic sensor based on an acoustoelectric (AE) effect has generated considerable 
interest.(13)  Initial experiment indicates that this kind of device has attractive attributes not 
typically seen with other hydrophones: simple construction, low cost, decent sensitivity, 
and resistance to damage at high-intensity acoustic fields.(13–15)  However, a single sensor 
can only detect one-dimensional acoustic serials.  For noninvasively imaging acoustic 
field and acoustic source localization, a sensor array is desired.
 In this paper, we propose a sensor array based on AE effect for noninvasively imaging 
acoustic fields.  This device can use material with excellent fabrication properties, i.e., 
indium tin oxide (ITO), as sensitivity acoustic elements, so photolithography can be 
adopted to integrate a high-intensity, large-scale sensor array.  A focused spherical sensor 
array with a large focal length and a small focal spot is designed for imaging acoustic 
fields noninvasively.  This kind of large-scale acoustic sensor array has important 
potential applications in noninvasive test of operating electrical equipment.

2.	 Materials	and	Methods

2.1 Principle of acoustic sensor based on AE effect
 The principle of the acoustic sensor based on the AE effect is illustrated in Fig. 1.  
An alternating bias current (~100 Hz) was applied across the sensitivity material (ITO) 
between two gold electrodes to generate a current density distribution JI(x, y, z).  The 
acoustic wave propagating in the sensitivity material with charged particles inside induce 
a change ∆ρ(x, y, z, t) in the electric resistivity of the sensitivity material due to the AE 
effect.(16–19)

	 ∆ρ(x, y, z, t) = −Kρ0(x, y, z, t)P(x, y, z, t) (1)

Here, K is interaction constant, ρ0 is inherent electric resistivity of the sensitivity 
material, and P(x, y, z, t) is the acoustic pressure.(17–19)  The voltage perturbation due to 
the resistivity change in the sensitivity material was measured using the same electrode 
pair injecting the bias current.  According to the lead field theory, the measured voltage 
of lead with lead field JL = JI(x, y, z) due to a current density distribution JI(x, y, z) can be 
written as(20,21)

 V =
V
ρJL(x,y,z) • JI(x,y,z)dxdydz

1

. (2)
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The voltage was measured using the same electrode pair injecting the bias current so JL = 
JI.  Since the region of the sensitivity material is very small, we can assume ρ, JI, and P 
as constant in the sensitivity region.  By combining eqs. (1) and (2), we can obtain eq. (3) 
on the voltage measurement with existing AE effect:

 V =
V
ρ0 (1 − KP)|J(x, y, z)|2dxdydz ≈ ρ0 (1 − KP(t))|J|2VS

1

 

 = ρ0 |J|2VS − ρ0 KP(t)|J|2VS

1

 (3)

where VS is the volume of the sensitivity region.  In eq. (3), the first term, which is 
generated by inherent electric resistivity, is called the baseline signal.  The other term, 
which is generated by the electrical resistivity change due to the AE effect, is called the 
AE signal.  The baseline signal is a low-frequency signal corresponding to the injected 
current, whereas the AE signal is a high-frequency signal corresponding to detected 
acoustic wave.  Thus, they can be easily separated by a high-pass or band-pass filter.(22–24)  
The AE signal equation is written as

 VAE = ρ0K|J|2VSP(t). (4)

Equation (4) gives the linear relationship between the detected acoustic signal and the 
measured AE signal.  Thus,  we can measure the acoustic signal linearly by measuring 
the AE signal.

2.2 A focused spherical sensor array design
 The focused spherical sensor array is illustrated by Fig. 2. Sensor elements are 
integrated in a focused spherical base made of waveguide plexiglass.  An acoustic 
attenuation material is used to reduce the influence of echo after the acoustic wave 
passes the waveguide.  In fact, the echo has been separated from the AE signal by using 
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Fig. 1. Schematic of the acoustic sensor based on AE effect.
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the waveguide to generate an interval.(25)  Thus, the influence of echo can be neglected.  
In the present study, the radius of the focused spherical base is set as 1 m; the radius 
of curvature (concave radius) is 2 m.  The sockets for embedding sensor elements are 
made on the concave perpendicular to the concave radius.  After all the sensor elements 
are embedded in the spherical base, the completed array is spin-coated with Cytop® for 
waterproofing and insulation(15), i.e., for protection layer as shown in Fig. 2.
 The design of the sensor element is illustrated by Fig. 3.  a)  The plexiglass base/film 
is coated with photoresist (PR).  b)  The base is then coated with indium ITO with a 
thickness of 100 nm.  c)  The sensitivity region is formed by marking the ITO with PR.  
The sensitivity patterns of sensor elements are created in the ITO by means of a positive 
photolithographic process.  d)  The unmarked ITO is etched away with hydrochloric 
acid and nitric acid mixed in water (H2O:HCl:HNO3 = 5:5:1).  e)  The PR is then washed 
away with acetone, exposing the pattern in ITO on the base.  f)  The two ends of the ITO 
pattern are overlaid with gold electrodes, leaving the middle part of the pattern unaltered 
as the sensitivity zone.  Finally, the lead wires are soldered to the gold electrodes.  After 
that, the whole integrated sensor array is spin-coated with Cytop® for waterproofing and 
insulation.(13–15)  The dimension of the sensor element is 4×4 mm2, and the sensitivity 
zone, 1×1 mm2.  All the sensor element outputs were first filtered to extract the AE 
signals, and then all the AE signals were amplified and summed up together using an 
additional circuit.(26)

2.3 Beam pattern calculation method of the focused spherical sensor array 
 The solution of acoustic beam pattern of a focused transducer was reported and 
discussed by Lucas and Muir, and Chen et al.(27,28)  Because the sensitivity element is 
very small and integrated with high density, the sensitivity element can be assumed to be 
infinitely small.  Applying the mean field theory, the accumulation of a large number of 
small elements can be approximately calculated from the corresponding integration,(29,30) 
so the beam pattern of the focused spherical sensor array in a polar coordination system 

Fig. 2. Illustration of the focused spherical acoustic sensor array (a, sensor elements; b, focused 
spherical base; c, concave).
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can be estimated as(25–28)

 b(r, θ) = ip0 (ka2 / r)exp(−ikr)
1

µ=0
exp(−i

ka2

2r
(1 −

r
R0

cos(θ))u2 )uJ0 (kasin(θu))du

1

 (5)

where k is the wave number, a is the radius of the sensor array, R0 is the concave radius, 
and J0 is the first-order Bessel function.(27,28)  The −6 dB beam diameter can be estimated 
as BD = 1.02Fc/(fD), where F is the focus length, c is the sound velocity in the media, f 
represents central frequency, and D is the diameter of the sensor array.

2.4 Computer simulation
 For the calculation of beam pattern, a numerically convergent solution to eq. (5) 
with error smaller than 0.01 was provided by Chen et al.(28)  We applied Chen et al.’s 
method to calculate the beam pattern of the focused spherical sensor array in the present 
simulation study.  An acoustic field imaging can be obtained by performing a three-
dimensional raster scan with the sensor array.  The simulation of imaging a controllable 
target acoustic field using the proposed focused spherical sensor array was conducted to 
investigate the feasibility of imaging the acoustic field by using this kind of sensor array.  
The acoustic field generated by two parallel focused transducers of 4 cm diameter, 20 
cm focus length, and 10 kHz frequency was simulated as the target acoustic field using 
the same method.(28)  The acoustic field imaging was simulated by convolving the target 
acoustic field with the beam pattern of the sensor array.(25)  The convolution calculation 
can be accelerated by applying the fast Fourier transformation (FFT) method.  The origin 
of the coordinate system was set at the center of the concave.

(b) (c)

(d) (e) (f)

(a)

Fig. 3. Sensor element design of the beam-forming acoustic sensor array.
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3.	 Results

3.1 Beam pattern of the focused spherical sensor array
 The beam pattern of the focused spherical sensor array is shown in Fig. 4.  We can 
see that an acoustic beam pattern with a small focus spot at 180 cm from the center of 
the sensor array along the beam axis can be obtained by using the focused spherical 
sensor array.  The full widths at half maximum (FWHMs) of the acoustic focus spot are 
6.36 cm in the beam axis and 0.71 cm in the lateral axis.  It is noteworthy that the lateral 
direction’s spatial resolution is better than the beam axis’, so we can utilize lateral scan 
to improve the spatial resolution for acoustic field imaging.

3.2	 Simulation	results	for	imaging	a	target	acoustic	field
 The simulated acoustic field is displayed in Fig. 5(a).  The acoustic field imaging 
is shown in Fig. 5(b).  By comparing the acoustic field imaging and the target acoustic 
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Fig. 4. Beam pattern simulation result of the focused spherical sensor array.  Z axis corresponds 
to the beam axis and X axis is the lateral axis.

Fig. 5. Controllable target acoustic field (a) and (b) imaging result by raster scanning the target 
acoustic field in X-Z plane using the proposed sensor array.
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Fig. 6. Beam direction profiles (as marked by the white dotted line in Fig. 5) of target acoustic field (a) 
and (b) imaging result by using the proposed sensor array.
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field, it is clear that the imaging can well represent the target acoustic field.  A clear 
imaging of the target acoustic field can be obtained by using the proposed sensor array.  
We also note that the focus spots of the target acoustic field are enlarged due to the point 
spread function of the sensor array.(25)

 For direct comparisons, Figs. 6 and 7 show line profiles of the target acoustic field 
and the imaging along the beam axis and the lateral direction, respectively.  From Fig. 6, 
we can see that the imaging profiles in the beam axis can follow the target acoustic field 
and the focus spot at Z = 0.2 m can be clearly discerned, but the focus spot imaging is 
lengthened owing to the smoothing effect of the long (6.36 cm) focus spot of the sensor 
array.  As shown in Fig. 7, the imaging profiles in the lateral direction can well represent 
the target acoustic field.  The focus and side lobes can be clearly discerned from the 
lateral profiles.  Because the dimension of the focus spot is far larger than that in the 
lateral direction, the smoothing effect of the long elliptic focus spot can be improved by 
utilizing lateral scan.(13)

Fig. 7. Lateral profiles (as marked by the white dotted line in Fig. 5) of target acoustic field (a) and (b) 
imaging result by using the proposed sensor array.
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4.	 Discussion

 Noninvasively testing for operating electrical equipment is very important for 
enhancing electric power supply quality.(1,2)  Acoustic detection as one of the most 
effective noninvasive testing methods has been widely employed in various applications.  
Acoustic field imaging and source localization play key roles in electrical equipment 
state assessment and malfunction diagnosis.(2–5)  However, it is very difficult to image an 
acoustic field by using a single sensor.   Thus, a beam-forming sensor array is proposed 
for noninvasive acoustic field imaging and source localization.  Recently, a prototype 
acoustic sensor based on the AE effect has attracted considerable interest.(12–15)  Initial 
experiments have indicated that this kind of acoustic sensor based on the AE effect has 
attractive attributes: simple construction, low cost, high sensitivity, and resistance to 
damage at high-intensity acoustic fields.(13–15)  Optimization of the acoustoelectric sensor 
for mapping an ultrasound beam with consideration of hydrophone shape, material 
relative resistivity, thickness, and lateral width has been reported.(14)  The sensitivity and 
signal-to-noise ratio (SNR) can be improved by optimizing these parameters. This type 
of AE sensor fabrication method using photolithography has also been provided in ref. 
15.  Different from these reported research studies, our study focuses on designing a 
beam-forming acoustic sensor array with a large focal length and a small focal spot.  This 
sensor array can use sensitivity material with excellent fabrication properties as acoustic 
sensitivity elements, so a high-intensity, large-scale sensor array can be integrated by 
adopting photolithography.(15)  In practice, a sinusoidal bias current (~100 Hz) was 
applied across the sensitivity zone between two gold electrodes because the oscillating 
field limits the adverse effects associated with the direct current, such as electrode 
polarization and hydrolysis.(22–24)  The sinusoidal current injections are synchronously 
triggered, and the AE signals generated around the peaks of the sinusoidal current 
injections are synchronously acquired to obtain good SNR.(22,23)  For easily separating 
the AE signal from the injected sinusoidal current by using a highpass or bandpass filter, 
the frequency of the bias current should be lower than that of the detected acoustic 
signal.(22–31)  A large-scale addition circuit can be used to summarize the AE signal of 
all the sensor elements after amplifying and adjusting to form an acoustic focus spot.(26)  
This beam forming can also be processed by a computer using the collected AE signals 
of all the sensor elements.  Because the focus spot in the beam axis is relatively big 
in comparison with that in the lateral direction, the spatial resolution in the beam axis 
is not as good as that in the lateral direction.  The focus spot of the sensor array can 
be improved by increasing the array diameter and decreasing the concave radius.(25)  
However, it is noteworthy that decreasing the concave radius will shorten the focus 
length, which will reduce the detection depth of the sensor array.

5.	 Conclusions

 In this paper, a beam-forming sensor array is proposed for noninvasively imaging 
acoustic fields and acoustic source localization.  ITO, which has excellent fabrication 
properties, can be used to make the sensitivity element, so that photolithography can 
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be adopted to integrate a high-intensity, large-scale acoustic sensor array.  A focused 
spherical sensor array is designed for noninvasively imaging acoustic fields.  The acoustic 
sensor array has a large-focal length and a small focal spot.  Computer simulation results 
show that a beam with a large focal length of 180 cm and a small ellipse focal spot of 
4.52 cm2 can be obtained using the proposed sensor array.  Computer simulation results 
also show that a clear imaging of the target acoustic field can be obtained by performing 
a raster scanning with the proposed sensor array.  This type of large-focal-length, small-
focal-spot acoustic sensor array has important potential application in noninvasive 
detection and assessment of operating electrical equipment.  Further experimental study 
will be needed to fully test the feasibility and capability of the proposed beam-forming 
acoustic sensor array.
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